ABSTRACT: Stable isotope analysis (SIA) has become a powerful and widely utilised tool in ecological studies, and more specifically has been used to answer conservation questions regarding key marine indicator species including marine turtles. Undertaking an exhaustive review of peerreviewed literature, we summarise the current knowledge of marine turtle spatial, foraging, and reproductive ecology gained through stable isotope studies and highlight the considerable flexibility and ecological complexities in the life histories of the six species that have been studied. We demonstrate how SIA can inform conservation initiatives, identify threats faced, and provide preand post-disaster information that is otherwise unavailable. We summarise isotope ratios at a global scale and demonstrate intraspecific regional differences and interspecific overlap. We identify the geographical gaps in the current knowledge and the bias in the species studied. To facilitate future research we identify a comprehensive list of recommendations including the need for standardised protocols for tissue collection and analysis; the use of a third forensic marker to provide greater power of inference; combining complementary techniques to enhance the information gained; conducting long-term research; and a need for meta-analytic approaches to combine research findings to better understand the complexities of marine turtle ecology. This review provides a complete list of all published marine turtle stable isotope studies which are summarised in an open access inventory to enable researchers to add new studies and target future work. 
INTRODUCTION

Background
As a group of large marine vertebrates found widely throughout the temperate and tropical oceans, marine turtles can be considered as key indicator species of ecosystem function and health. Marine turtles have complex life histories (Miller 1997 , Musick & Limpus 1997 , Plotkin 2003 , often with multiple ontogenetic shifts in habitat and diet (e.g. Snover et al. 2008) , and migrations of considerable distances between foraging and nesting grounds (e.g. James et al. 2005 , Shillinger et al. 2008 . Within one nesting aggregation, several geographically distinct foraging areas may be utilised and different life history strategies may be employed (e.g. Hays et al. 2006 , Seminoff et al. 2008 , Dujon et al. 2018 . Understanding the complex life histories of marine turtles and identifying critical habitats is a research priority in marine turtle ecology (Hamann et al. 2010 , Rees et al. 2016 , Casale et al. 2018 .
Techniques to determine the movements of these elusive species include flipper tagging (e.g. Limpus et al. 1992 , Hays et al. 2010 , satellite telemetry (e.g. Nichols et al. 2000 , Hays et al. 2006 , Jeffers & Godley 2016 , and genetics (e.g. Shamblin et al. 2017) . Flipper tagging requires large numbers to be tagged for successful recapture and offers no locational information between captures. Satellite telemetry is extensively used in marine turtle spatial ecology, offering detailed movement data on location and speed; however, this technique is expensive and often results in small sample sizes, limiting knowledge of population level behaviour (Godley et al. 2008) . Genetics can, for example, identify connectivity between rookeries and foraging grounds but genetic studies can require broad geographic regions to be sampled (Avise 2007 , Komoroske et al. 2017 .
For successful conservation, it is important to protect not only the critical habitats of marine turtles but also the prey items on which they rely. Marine turtle dietary studies have historically relied on directly observing foraging behaviour (e.g. Ogden et al. 1983 , Schofield et al. 2006 , stomach content analysis at necropsy of stranded animals or oesophageal lavage (e.g. Seminoff et al. 2002 , Santos et al. 2011 , or using animal-borne cameras (e.g. Heithaus et al. 2002 , Seminoff et al. 2006b , Fuller et al. 2009 , Narazaki et al. 2013 , Fukuoka et al. 2016 , Thomson et al. 2018 . Although these techniques allow for the taxonomic identification of prey items, direct observations of foraging behaviour are logistically difficult and in many cases not possible (Narazaki et al. 2013) . Stomach content analysis represents a short dietary time frame and biases against rapidly digested softbodied prey (Duffy & Jackson 1986 , Heithaus et al. 2002 , whilst animal-borne camera studies are limited by adequate light, battery and storage capabilities, and generally small sample sizes (Moll et al. 2007 , Narazaki et al. 2013 ).
Stable isotope analysis
Stable isotope analysis (SIA) can be a powerful tool that can complement the aforementioned methods that evaluate foraging ecology and habitat use. SIA has been used in ecological studies for a range of marine taxa that are of conservation concern (Rubenstein & Hobson 2004) , including marine mammals (e.g. Newsome et al. 2010) , elasmobranchs (e.g. , Bird et al. 2018 , and seabirds (e.g. Forero & Hobson 2003 , Roscales et al. 2011 . Over the last two decades SIA has become an important tool for investigating marine turtle spatial, foraging, and reproductive ecology, highlighting ecological complexities in life history strategies and enhancing conservation approaches (e.g. Ceriani et al. 2017 , Reich et al. 2017 , Burgett et al. 2018 . The isotopes of an element have different atomic weights, which react at differing rates. This leads to natural isotope gradients in environmental & biological systems. SIA relies on measuring these isotope ratios. The ratio of stable isotopes in low-metabolically active tissue of an individual closely relates to the food it has consumed and the geographical location where it was ingested (DeNiro & Epstein 1978 , 1981 . Most commonly, the ratios of The isotope ratio itself represents a time-integrated diet (Peterson & Fry 1987) , can be conducted on all life stages, and the analysis is cost effective (approximately £9−15 per sample dependent on the element to be analysed), allowing for large sample sizes. Different tissue types have different residence times; for example, blood serum has a short half-life and therefore represents food consumed recently, whilst epidermis has a longer half-life and therefore represents the diet consumed several months prior (Reich et al. 2008) . Therefore, by assessing different tissue types, assessment of diet at multiple time points can be conducted (e.g. Petitet & Bugoni 2017 , Turner Toma sze wicz et al. 2017b .
Carbon isotope ratios reflect the primary producer responsible for the energy flow in the food chain (DeNiro & Epstein 1978 , Hobson 1987 . Productive benthic and nearshore regions supported by algae and seagrass exhibit higher δ 13 C values in comparison to less productive pelagic and oceanic regions supported by phytoplankton (DeNiro & Epstein 1978 , Graham et al. 2010 .
With regards to phytoplankton-driven food webs, temperature primarily drives the geographical and temporal variation of δ 13 C values, especially at higher latitudes, due to its influence on CO 2 uptake rates, dissolved CO 2 concentrations, and phytoplankton growth rates and community composition (Goer-icke & Fry 1994 , Hinga et al. 1994 , Gruber et al. 1999 , Graham et al. 2010 , Magozzi et al. 2017 . Phytoplankton shape, size, and species influences isotopic fractionation and results in regional-scale differences in δ
13
C values, for example between nearshore and offshore regions (Hinga et al. 1994 , Pancost et al. 1997 , Popp et al. 1998 ).
The δ
15
N values in marine primary producers differs with (1) δ 15 N values of their nutrient sources (e.g. nitrate, ammonium, and N 2 ), (2) nitrogen-based processes, including N 2 -fixation, denitrification, and nitrification, and (3) isotopic fractionation (Montoya 2007) . Areas of N 2 -fixation support primary producers with low δ 15 N values as the δ 15 N value of dissolved N 2 is near 0 ‰ with little isotopic fractionation during its biological uptake (Dore et al. 2002 , Montoya 2007 (Voss et al. 2001 , Dore et al. 2002 . Large-scale spatial variation of phytoplankton δ 15 N values is driven by the upwelling of 15 N-enriched nitrate as a result of denitrification at depth (Graham et al. 2010) . Anthropogenic waste and agricultural runoff in coastal habitats increase the δ 15 N values in particulate matter used by primary producers (Harrington et al. 1998 , McKinney et al. 2002 . These spatial variations are reflected in higher trophic consumers and can therefore be used as a marker for habitat use on large scales.
Nitrogen isotope ratios in individuals have also been used to reflect trophic patterns (DeNiro & Epstein 1978 , 1981 . It has been suggested that in marine ecosystems, a 3 to 4 ‰ step-wise enrichment of δ 15 N values occurs in each subsequent trophic level as 15 N retention is higher than 14 N (Minagawa & Wada 1984 , Post 2002 ). However, due to the many factors influencing isotope ratios this distinction is sometimes not straightforward (see Section 3.5 on limitations of this method). Previous work using compound-specific SIA (CSIA) of amino acids on marine turtles has shown variations in δ 15 N values are due to shifts in baseline isotope ratios and not trophic position , Vander Zanden et al. 2013a ; see Section 3.6 for details on CSIA).
Spatial and temporal variation in δ 13 C and δ
N values in marine phytoplankton is large, consistent and relatively well understood, to the extent that mechanistic models can capture most of the observed variance (e.g. Tagliabue & Bopp 2008 , Somes et al. 2010 , Schmittner & Somes 2016 , Magozzi et al. 2017 . These realistic predictions of baseline isotope ratios improve the interpretation of δ 13 C and δ
N values in marine organisms as geolocation tools (Graham et al. 2010 , McMahon et al. 2013 , Magozzi et al. 2017 
Current review
SIA has been used in marine turtle research since 1983 (Killingley & Lutcavage 1983) and has provided an extensive range of insights into marine turtle ecology. Pearson et al. (2017) re viewed SIA data of marine turtles, but their objectives were to highlight the bias of marine turtle stable isotope studies towards populations listed by the IUCN (International Union for Conservation of Nat ure) as Least Concern.
In this review we compile the current insights into marine turtle ecology and conservation gained through SIA, highlight gaps in existing knowledge, and suggest future recommendations for the preparation and interpretation of SIA in marine turtle research. We also combine all published isotope ratios to summarise these data on a global scale. An accessible inventory of all marine turtle stable isotope research is also included to enable researchers to add new studies, target future work, and help prevent un necessary research overlaps in the future (see the data archived at https://doi. org/ 10.1594/ PANGAEA. 892683).
METHODOLOGY
We conducted a systematic review to determine the ecological insights gained from marine turtle stable isotope studies and determine the current gaps in this field. An extensive literature search was conducted in English (Scopus, Web of Science, and Google Scholar; last accessed 31 st December 2018). The terms searched were, 'sea turtle', 'marine turtle', 'loggerhead turtle', 'green turtle', 'leatherback', 'hawks bill', 'Kemp's ridley', 'olive ridley', 'flatback', and 'isotope' in TITLE-ABSTRACT-KEYWORDS for Scopus and TOPIC for Web of Science. The top 200 papers in Google Scholar were ranked by relevance and suitable literature was selected. All peer-reviewed primary research papers were included in the analysis excluding fossil isotope studies.
From each study, isotope ratios were extracted either (1) directly from text, (2) from supplemental raw values, (3) from the range provided, (4) from a graph that provided a mean, or (5) from a scatter plot, in which case the mid-value from the range was determined by eye. Additional information including the location of the study, tissue type utilised, life stage, species, and methodology was extracted (collated, see the data archived at https://doi. org/ 10. 1594/ PANGAEA. 892683). If life stage was unknown it was not included in the interspecies and ocean basin isotope ratio comparisons (see Sections 3.2.2 and 3.2.3). If multiple tissue-types were sampled for an individual only the epidermal isotope ratio was selected to be included in the ana lysis. Samples from the Atlantic Ocean were further separated into the main Atlantic basin, Gulf of Mexico, Caribbean Sea, or subtropical Northwest Atlantic (SNWA) due to previously published differences in isotope ratios attributed to the spatial variation of isotope ratios at the base of the food web rather than dietary differences (Pajuelo et al. 2012b , Vander Zanden et al. 2013a , Tucker et al. 2014 , Ceriani et al. 2017 . For example, nutrient-rich waters and denitrification in the Gulf of Mexico could cause higher δ 15 N values in this region compared to the SNWA and Caribbean Sea, which is influenced by nitrogen fixation (Vander Zanden et al. 2015) . The SNWA had high δ 13 C values, which was suggested to be due to being a seagrass-dominated ecosystem compared to other regions likely supported by phytoplankton, macroalgae, and mangroves (Vander Zanden et al. 2015) . Therefore these regions are represented separately within our analysis.
Our search results identified 114 published studies (46 since 2015) that investigated stable isotopes in marine turtles. The primary focus of 21 of these studies was on methodology whilst the remaining 93 were ecological studies (Table S1 ). Five methodological-based studies on captive individuals likely provided artefactual isotope ratios and were not in cluded for geographic comparisons, however for completeness, details on these studies are available in the archived data at https://doi. org/ 10.1594/ PANGAEA. 892683.
RESULTS AND DISCUSSION
Overview of studies
Compiling global isotope studies highlights gaps in current knowledge with a bias towards studying certain species and regions ( Fig. 1 and Table 1 ). Loggerhead Caretta caretta and green turtles Chelonia mydas are the most studied whilst, as yet, there has been no published study on flatback turtles Natator depressus. Split by ocean basin, Fig. 1 shows that most studies were conducted in the Atlantic (55%), followed by the Pacific (30%), Mediterranean (10%), et al. (2009, 2010, 2012, 2015) , Wallace et al. (2009 Wallace et al. ( , 2014 , McClellan et al. (2010 ), Vander Zanden et al. (2010 , 2013a (2006, 2010, 2013, 2014, 2015, 2018) , connectivity Reich et al. (2010 Reich et al. ( , 2017 , Dodge et al. (2011 ), Watanabe et al. (2011 ), Zbinden et al. (2011 ), Ceriani et al. (2012 , 2014a ), Eder et al. (2012 , Pajuelo et al. (2012a,b) , Seminoff et al. (2012) , Thomson et al. (2012) , López-Castro et al. (2013 , 2014a ), Vander Zanden et al. (2013a , Cardona et al. (2014 Cardona et al. ( , 2017 , Wallace et al. (2014) (2002, 2006, 2010, 2013, 2014, 2015, 2018) and Indian Ocean (5%). Mapping the location of studies globally illustrates that there are large geographical gaps in marine turtle isotope research (Fig. 2) , with 77% of studies carried out in six countries (USA = 47%, Japan = 10%, Spain = 6%, Australia = 6%, Brazil = 6%, Mexico = 3%). This geographical bias is unsurprising as current SIA research is conducted on well-studied populations, and some areas of a species' range are inaccessible, especially species with restricted nesting habitats, e.g. flatback turtles. We show that adult females were sampled most frequently (44%, including studies that sampled hatchlings and eggs as a proxy for maternal tissue), followed by juveniles (40%), and adult males (16%; Table S1 in the Supplement at www. int-res. com/ articles/ suppl/ m613 p217 _ supp. xlsx). A large range of tissue types have been sampled with epidermis sampled the most frequently (30%), followed by scute (carapace, 15.5%), egg yolk (9%), red blood cells (9%), humeri (7.5%), blood plasma (7%), muscle (6%), whole blood (6%), whole egg (albumen and yolk, 2%), blood serum (2%), albumen (1%), egg shell (1%), embryos (1%), epibionts (1%), liver (1%), and tendon (1%).
These findings support the review by Pearson et al. (2017) , who suggest that the focus of future work should be directed at under-studied species, for example flatback turtles, and we suggest more needs to be done globally across the full range and life stages of all species. Information on habitat use is important for all populations, particularly those less studied or those in highly disturbed areas.
Foraging and spatial ecology
Summarising marine turtle stable isotope studies demonstrated that the majority (83%) have investigated foraging ecology specifics, including identifying foraging grounds, foraging site fidelity, and diet (Table 1 ). This is also the case for marine mammal and elasmobranch ecology where SIA is most commonly used to study diet and trophic position (Forero & Hobson 2003 , Newsome et al. 2010 . Understanding the variation in foraging (2002, 2006, 2010, 2013, 2014, 2015, 2018a Caut et al. 2008b , Ceriani et al. 2017 , Hatase et al. 2018 . SIA also enables the demographic trends of a population to be better understood (e.g. Bradshaw et al. 2017 ) and the threats faced by a population (both environmental and an thro pogenic) to be assessed (e.g. Clusa et al. 2016 , Vander Zanden et al. 2016 ).
Diet
The proportion of prey items contributing to the diet of an individual can be estimated from their isotope ratio via isotope mixing models. See Section 3.6 for details and limitations of isotope mixing models. This is a major area of study in marine turtle research and has enabled the diet of several marine turtle populations to be estimated, showing the large variability in intra-and inter-species diets (Table 1) . Isotope studies of adult and juvenile loggerhead turtles in neritic foraging grounds have shown that the dominant prey were benthic items such as molluscs and crustaceans (Hatase et al. 2002 , Wallace et al. 2009 , McClellan et al. 2010 , Goodman Hall et al. 2015 whilst the dominant prey for individuals in oceanic foraging grounds were pelagic prey, for example macroplankton, including gelatinous zooplankton and jellyfish (Hatase et al. 2002 , Revelles et al. 2007b , McClellan et al. 2010 , Cardona et al. 2012 .
Depending on the population, within neritic foraging grounds, adult and juvenile green turtles were suggested to consume macrophytes (Bezerra et al. 2015 , Howell et al. 2016 , Prior et al. 2016 , Di Bene ditto et al. 2017 ). However, SIA has shown the presence, and in some cases dominance of animal-based matter demonstrating omnivorous behaviour (Godley et al. 1998 , Hatase et al. 2006 , Cardona et al. 2009 , Burkholder et al. 2011 , Lemons et al. 2011 , Belicka et al. 2012 , González Carman et al. 2014 , Shimada et al. 2014 , Williams et al. 2014 , Vélez-Rubio et al. 2016 , Sampson et al. 2017 , Burgett et al. 2018 , Gillis et al. 2018 , Hancock et al. 2018 , Monzón-Argüello et al. 2018 , Thomson et al. 2018 , Turner Tomaszewicz et al. 2018 . There is also evidence that adult green turtles forage from the water column in coastal regions (Turner Toma sze wicz et al. 2018) and on macroplankton in oceanic regions (Hatase et al. 2006) .
Isotopes can also be used to infer both individual specialisation and the ecological niche of a species based on the intra-and inter-individual variation in isotope ratios (Newsome et al. 2007 , Vander Zanden et al. 2010 , 2013b , Burkholder et al. 2011 , Lemons et al. 2011 , Ferreira et al. 2018 , Thomson et al. 2018 . To estimate individual consistency and specialisation, analysis of variance techniques have been used (e.g. Vander Zanden et al. 2010 , 2013b , Lemons et al. 2011 ), whilst to estimate isotopic niche width studies have used the Layman et al. (2007) total area metric (e.g. Burkholder et al. 2011) or Stable Isotope Bayesian Ellipses in R (SIBER, Jackson et al. 2011; e.g. Ferreira et al. 2018 , Hancock et al. 2018 . Using SIA, individual specialisation has been reported for other marine taxa including sharks (e.g. Matich et al. 2011 ) and marine mammals and penguins (e.g. Cherel et al. 2007) . Understanding the diet resources used by a population enables temporal shifts to be monitored and it also informs conservation strategies allowing the targeting and management of the turtle foraging grounds and the diverse range of prey on which they rely.
Global interspecies differences in isotope ratios
Several studies have conducted SIA on multiple species (Table 1) . For example, previous interspecies comparisons in isotope ratios showed adult loggerhead turtles had higher δ 15 N values and in some cases lower δ 13 C values than green turtles, suggesting higher trophic level foraging (Godley et al. 1998 , Hannan et al. 2007 , Monzón-Argüello et al. 2018 , whilst no differences were seen between oceanic loggerhead and juvenile green turtles, suggesting similar prey items and foraging locations (Reich et al. 2007 , Cardona et al. 2010 , López-Castro et al. 2013 . One SIA study showed that adult leatherback turtles Dermochelys coriacea, differing from loggerhead and green turtles (Godley et al. 1998) , have an oceanic foraging strategy, whilst a second study re vealed an unexpected neritic foraging strategy of leatherback turtles in the Indian Ocean (Robinson et al. 2016) .
Isotope studies have suggested minimal levels of interspecific competition in foraging resources between hawksbill Eretmochelys imbricate and green turtles in the Caribbean, with hawksbill turtles foraging at higher trophic levels (Bjorndal & Bolten 2010). However, no differences have been reported between green and hawksbill turtles in Japan (Agusa et al. 2011) . These contrasting findings are likely due to dietary difference. Further analysis could be performed to estimate differences in diet composition and trophic positions within these populations using mixing models and CSIA (see Section 3.6). SIA has been used to investigate interspecies differences in isotope ratios within other marine taxonomic groups including marine mammals (e.g. Burton & Koch 1999 , Newsome et al. 2010 , seabirds (Forero & Hobson 2003) , penguins (Cherel et al. 2007) , and elasmobranchs (e.g. , Bird et al. 2018 .
This review combines global marine turtle isotope ratios, demonstrating that clear species differences do not occur globally, for either adults or juveniles, with large overlapping interspecies ranges (Fig. 3 , Table S1 in the Supplement). This is likely due to the many complex factors affecting isotope ratios (see Section 1.2) as well as ocean basin differences in baseline isotope ratios (see Section 3.2.3). For adults, green turtles were the most distinct species with low δ 15 N and high δ 13 C values. Loggerhead turtles had intermediate isotope ratios whilst hawksbill, Kemp's ridley Lepidochelys kempii, leatherback, and olive ridley turtles Lepidochelys olivacea had similar mean values, with high δ 15 N and low δ 13 C values. Within juveniles, green and hawksbill turtles had low δ 15 N and high δ 13 C values in comparison to the other species. Only single studies investigated adult hawksbill and Kemp's ridley turtles and juvenile leatherback and olive ridley turtles and therefore do not represent their global isotope ratios. In addition, the ratios used for these analyses stemmed from multiple tissue types that were preserved and prepared with different techniques, which can affect isotope results (see Section 3.7).
When we further split the global data by ocean basin, different interspecies relationships are shown ( Fig. S1 in the Supplement). This is unlikely due to distinct intraspecies differences in foraging strategy across ocean basins, but rather due to local variations in isotope ratios at the base of the food chain of the sampled populations.
Ocean basin differences in isotope ratios
The majority of studies to date focus on individual populations in specific regions, whilst few studies have investigated how a species' isotope ratios differ between ocean basins (Table 1 ). In this review we compiled ocean basin isotope ratios for each species and show that the large intraspecies ranges previously observed (see Section 3.2.2) are likely partly due to geographical variation ( (Pajuelo et al. 2012b , Vander Zanden et al. 2013a , Tucker et al. 2014 , Ceriani et al. 2017 . Global variations in isotope ratios can be seen in previously created marine isoscapes (e.g. Somes et al. 2010 , Ma gozzi et al. 2017 , Bird et al. 2018 ), and we suggest intraspecies variations between ocean basin are due to dissimilarities in local and ocean basin nutrient cycling regimes that influence isotope ratios at the base of the food web, which in turn influence the ratios of higher trophic level consumers. It is essential that when comparing isotope values from multiple regions, researchers quantify the baseline isotope ratios or obtain a proxy for the baseline ratios, for example from previous studies on lower trophic level species, amino acid δ 15 N values, or isoscapes (maps of geospatial distribution of isotopes).
Ontogenetic shifts
The geographical location of marine turtle developmental stages and the movement between developmental areas are relatively unknown, as satellite telemetry of these life stages is limited (Godley et al. 2008) . This is important information for conservation, as threats in these regions are less understood and in turn protection measures for this developmental life stage are limited (Hamann et al. 2010 ). Many studies have used isotopes to investigate ontogenetic shifts (Table 1) . SIA has revealed that ontogenetic shifts are facultative not obligatory, depending on whether a habitat meets the demands of an individual (Hatase et al. 2006 ) and can be either over a year or over several years (e.g. Reich et al. 2007 , Cardona et al. 2009 , González Carman et al. 2014 , López-Castro et al. 2014b , Ramirez et al. 2015 , Vélez-Rubio et al. 2016 , Di Beneditto et al. 2017 . Such analysis can also allow researchers to calculate the age and size at which an ontogenetic shift occurs (e.g. Snover et al. 2010 , Avens et al. 2013 , Ramirez et al. 2015 , Howell et al. 2016 , Turner Tomaszewicz et al. 2017a , Vélez-Rubio et al. 2018 ) and in turn estimate the duration of each life stage and the subsequent threats faced, which can be used to better understand and model population dynamics.
Migratory connectivity
To date, nesting beaches remain the main target for conservation action; however, as the terrestrial proportion of the life cycle of marine turtles is so brief, prioritising the conservation of important marine habitats and identifying the geospatial linkages within a population should be a priority. From nesting beaches, inaccessible foraging grounds and migratory connectivity can be identified using SIA (Table 1) . To represent foraging grounds, tissues with slow turnover rates of months (e.g. epidermis) should be sampled (see Section 3.7 for recommendations on the tissue type to sample). By compiling all studies to date, we show the majority sampled foraging grounds (38%, either by directed capture for research or using animals caught in fisheries), followed by nesting grounds (35%), strandings (26.5%), and/or mating grounds (0.5%).
Quantifying the baseline isotope ratios in a region can be useful for interpreting marine turtle foraging and migratory behaviour. Several models have provided realistic predictions of global baseline isotope ratios (e.g. Tagliabue & Bopp 2008 , Somes et al. 2010 , Schmittner & Somes 2016 , Magozzi et al. 2017 ) and a few isoscapes are available for the open ocean (e.g. Graham et al. 2010 , McMahon et al. 2013 ). However, these show the geographical gradients of isotopes at very coarse resolutions. Recently, isoscapes have been developed for coastal and shelf areas (e.g. Vander Zanden et al. 2015 . SIA can be used in combination with satellite telemetry to identify foraging grounds with distinct isotope ratios and in turn assign individuals to putative foraging grounds. This has become common practice in marine turtle ecology, with the majority of studies that sampled nesting grounds proceeding to assign individuals to putative foraging grounds (60%). This enables dispersion of adult females to be estimated with reasonable certainty. SIA can also be used to identify potential foraging grounds with distinct isotope ratios, even when these foraging grounds have not been previously identified via satellite telemetry. These can then be further investigated with targeted tracking of individuals to identify the location of the foraging ground associated with the distinct isotope ratios (e.g. Bradshaw et al. 2017) .
Once the foraging grounds of a population have been identified, the relative importance of each foraging ground can be estimated by calculating the proportion of females supported by each area (e.g. Hatase et al. 2010 , Zbinden et al. 2011 , Eder et al. 2012 , Cardona et al. 2014 , Vander Zanden et al. 2014 , Ceriani et al. 2015 , Bradshaw et al. 2017 , Price et al. 2017 . Differences in the growth and reproductive output of each foraging ground can also be assessed and used as another method of determining the relative importance of a foraging ground (see Section 3.3). Long-term multiyear studies enable the contributions to annual nesting cohorts and recruitment to be estimated and therefore to identify foraging ground dynamics and in turn demographic trends of the population (e.g. Pajuelo et al. 2012a , Vander Zanden et al. 2014 , Ceriani et al. 2015 , Bradshaw et al. 2017 , Price et al. 2017 ). This baseline information could then be used to target conservation efforts of more threatened and/ or important foraging grounds.
In comparison to adult females, males are greatly underrepresented in stable isotope studies due to accessibility difficulties. Males should be prioritised for study, as the current dataset is not large enough to provide a solid conclusion on differences in isotope ratios between male and female marine turtles. Using SIA, adult males were suggested to forage in similar regions as females (Pajuelo et al. 2012b) and to forage on similar prey, as no differences were observed in the isotope ratios of male and female loggerhead (Thomson et al. 2012 , Pajuelo et al. 2012a ), green (Vander Zanden et al. 2013a , Prior et al. 2016 , or olive ridley turtles (Peavey et al. 2017) . Sex differences in isotope ratios were not observed in leatherback turtles when epidermis was sampled (Dodge et al. 2011 , Wallace et al. 2014 ) but were observed within blood samples (whole blood and red blood cells; Dodge et al. 2011) . Wallace et al. (2014) suggest the difference in findings between these studies is likely due to differences in incorporation rates among tissue types sampled, but could be due to betweensex foraging differences of different leatherback turtle populations. Although plasma has relatively quicker incorporation rates compared to epidermis, and therefore would explain differences in whole blood and epidermis isotope ratios, red blood cells have slow turnover rates that are similar to epidermis and thus represent similar time frames. Therefore, differences in foraging strategies may exist among leatherback turtle populations. This highlights the importance of selecting the correct tissue type for the question under investigation (see Section 3.7 for recommendations on the tissue type to sample).
Foraging site fidelity
To ascertain foraging site fidelity of an individual, the temporal consistency of their isotope ratios is commonly used (Table 1) . SIA has been used to infer foraging site fidelity in marine mammals using whale baleen to create multiyear isotopic records to show shifts in foraging ecology and habitat use (e.g. Schell et al. 1989 , Newsome et al. 2010 ). To determine temporal consistency in isotope ratios, marine turtle isotope studies have either combined skeletochronology and SIA, enabling prior diet and habitat to be reconstructed (see Section 3.6 for details on skeletochronology and SIA; e.g. Eder et al. 2012 , López-Castro et al. 2013 , Wallace et al. 2014 , Ferreira et al. 2018 , or have sampled individuals across multiple years (e.g. Thomson et al. 2012 , Tucker et al. 2014 , Goodman Hall et al. 2015 . However, there are limitations in using SIA for identifying foraging site fidelity, as other factors such as the influence of algal blooms or small scale nutrient cycling shifts on isotope ratios may occur rather than shifts in foraging location (e.g. Tucker et al. 2014) . Therefore, stable isotopes alone are not entirely sufficient in some cases, and it is important to verify SIA with satellite telemetry or a third forensic marker (see Section 3.7 for recommendations on complementary techniques).
Marine turtle isotope studies have shown that postontogenetic juvenile loggerhead turtles and sexually mature females exhibit long-term site and diet fidelity (Hatase et al. 2002 , Vander Zanden et al. 2010 , Thomson et al. 2012 , Tucker et al. 2014 , Goodman Hall et al. 2015 , Cardona et al. 2017 . A study of male loggerhead turtles suggested the level of behavioural plasticity depends on the foraging ground used (Pajuelo et al. 2012b (Pajuelo et al. , 2016 , showing SIA can be used to identify sex differences in life history strategies. Eder et al. (2012) conducted SIA on the outer section of humeri from loggerhead turtles in Cape Verde and used skeletochronology to age the turtles. They found neritic loggerhead turtles in Cape Verde were older than adult oceanic foragers and suggested that females moved to more neritic regions, with increasing age suggesting foraging ground shifts can occur in later years. However, a later study on the same population by Cardona et al. (2017) analysed the isotope ratios from different layers of inert carapace and showed no isotopic differences. The latter study therefore suggested, instead of shifting habitat as reported by Eder et al. (2012) , it was more likely that this population exhibits long-term site fidelity and that oceanic foragers had a shorter life expectancy (see Section 3.3 for more details on the carry-over effects of foraging grounds). This highlights how SIA results can be incorrectly interpreted and the importance of combining complementary techniques (see Section 3.7 for recommendations on complementary techniques).
Isotope-based studies examining the extent of site fidelity in adult green turtles found high foraging site fidelity (Shimada et al. 2014 , Vander Zanden et al. 2013b , Bradshaw et al. 2017 ) whilst a study by Prior et al. (2016) demonstrates a common shift between foraging grounds. Prior et al. (2016) analysed two tissue types (epidermis and blood serum) which have different turnover rates (long and short, respectively) with isotope ratios of blood serum showing shortterm shifts in habitat use, whilst those showing foraging site fidelity used only one tissue type with slow turnover rates (scute or epidermis). This highlights that certain sampling methods have associated limitations on temporal detail, and this should be considered when interpreting results.
High site fidelity and individual specialisation could indicate limited adaptability to changes in foraging grounds and it is possible some individuals remain in sub-optimal foraging regions, which could have subsequent carry-over effects (see Section 3.3 for more details on the carry-over effects of foraging grounds).
Foraging dichotomies
Regardless of species, marine turtle hatchlings are considered omnivores that later switch to a more specialised diet. However, stable isotope studies have demonstrated the system is more complex. Nesting populations are not simply composed of females foraging in several similar foraging grounds with a specialised diet, but that in some cases a distinct foraging dichotomy occurs, for example with females foraging neritically or oceanically (Table 1) . In general, adult loggerhead and green turtles were previously considered exclusive neritic foragers whilst leatherback turtles were thought of as oceanic foragers (Bjorndal 1997). Stable isotopes have revealed foraging dichotomy between oceanic and neritic foraging grounds for all three species (Hatase et al. 2002 , Caut et al. 2008b , Watanabe et al. 2011 , Eder et al. 2012 , Cardona et al. 2017 ). Different foraging strategies will lead to exposure of different threats and environmental conditions and therefore conservation strategies must take this into consideration. Using SIA, different foraging strategies (oceanic vs. neritic) within a species have been highlighted in marine mammal research (e.g. Walker et al. 1999) . Reich et al. (2010) proposed a nearshore−offshore foraging dichotomy for NWA loggerheads based on isotope ratios, however, this study did not use satellite telemetry whilst later studies using SIA and satellite telemetry suggested the isotopic difference is, in fact, more likely due to a latitudinal gradient (e.g. Ceriani et al. 2012 , Pajuelo et al. 2012a ). This highlights the importance of supporting SIA results with satellite telemetry (see Section 3.7 for recommendations on complementary techniques).
Foraging dichotomies represent dramatic life history differences within a population. For example, neritic loggerhead turtles are typically larger than their oceanic conspecifics, a difference in size that has been attributed to the nutritional benefits of neritic prey (Hatase et al. 2002 , Watanabe et al. 2011 , Eder et al. 2012 , Cardona et al. 2017 . Combing SIA and genetics, Watanabe et al. (2011) found nesting populations demonstrating foraging dichotomies were genetically homogeneous, suggesting that size-related foraging dichotomy may be due to phenotypic plasticity and that foraging habitats do not affect offspring morphology (Hatase et al. 2015 (Hatase et al. , 2018 . No size difference was observed between neritic and oceanic female green turtles suggesting the nutritional benefits of their main prey did not differ (Hatase et al. 2006) . Difference in reproductive output has however been reported between individuals with different foraging strategies (see Section 3.3.3).
Size, growth and reproductive output
In addition to foraging and spatial ecology, marine turtle stable isotope studies have begun to elucidate the complexities of marine turtle reproductive ecology and other life history traits (Table 1) . Carry-over effects, the influence of one activity (e.g. foraging) on another (e.g. breeding), will likely differ among foraging grounds and foraging strategies affecting fitness correlates (Harrison et al. 2011) . As marine turtles generally show philopatry to foraging sites, carry-over effects could last longer than one remigration cycle. (2002) suggested that immature loggerhead turtles recruited to nutrient-rich benthic habitats will grow larger than those recruited to nutrient-low pelagic habitats, but will reach sexual maturity at a similar age (Hatase et al. 2010) . Revelles et al. (2007a) found no difference in juvenile loggerhead turtle size between neritic and oceanic individuals; however, they also found the isotope ratios of prey items did not differ, suggesting all juveniles were foraging pelagically irrespective of water depth. Many studies investigate the direct relationship between size and δ 15 N and/or δ 13 C values to infer the occurrence of ontogenetic shifts (e.g. Cardona et al. 2009 , Goodman Hall et al. 2015 , Vélez-Rubio et al. 2016 , Burgett et al. 2018 , Monzón-Argüello et al. 2018 , diet (e.g. Wallace et al. 2009 , Williams et al. 2014 , Blasi et al. 2018 , Ferreira et al. 2018 , habitat differences (Bjorndal & Bolten 2010), foraging site fidelity (e.g. Goodman Hall et al. 2015 , Monzón-Argüello et al. 2018 , Turner Tomaszewicz et al. 2018 , age-atmaturity (e.g. Turner Tomaszewicz et al. 2018) , and threats faced (e.g. Agusa et al. 2011 , Clusa et al. 2016 . These studies reported different relationships between juvenile size and δ 15 N and/or δ 13 C values for loggerhead, green, and hawksbill turtles, suggesting difference in life history traits among populations. However, caution should be taken when interpreting isotope ratios in this regard, as incorporation rates and trophic discrimination factors (TDFs) can be influenced by body size and growth (see Section 3.5 for details on this limitation).
Adult size and growth
Morphological differences in female body size are a known factor affecting reproductive output (Bjorndal & Carr 1989 , Broderick et al. 2003 and therefore size differences between foraging strategies could influence reproductive fitness. Morphological differences in size have been seen between foraging grounds for females (Zbinden et al. 2011 , Ceriani et al. 2014a , Vander Zanden et al. 2014 , Price et al. 2017 but not males (although small samples sizes were reported for these; Pajuelo et al. 2012b Pajuelo et al. , 2016 . As with juveniles, the direct relationship between δ 15 N and/or δ 13 C values and female size, regardless of foraging ground, is dependent on the species or population studied (Godley et al. 1998 , Hatase et al. 2002 , Burkholder et al. 2011 , Eder et al. 2012 , Thomson et al. 2012 , Tucker et al. 2014 , Wallace et al. 2014 , Carpentier et al. 2015 , Prior et al. 2016 , Peavey et al. 2017 . For sharks, δ 13 C values were not seen to differ with size for neritic or oceanic species; however, size did affect the isotope ratio of deep-sea sharks (at depths > 200 m) suggesting their trophic ecology is size-structured (Bird et al. 2018 ).
Reproductive output
The allocation of resources to reproductive traits may differ between foraging grounds and may result in trade-offs between life history parameters. When female size is accounted for, foraging ground also affects loggerhead turtle clutch size. SIA and satellite telemetry have been used to identify foraging di chotomies within nesting populations and have been used to assign females to either neritic or oceanic foraging grounds (e.g. Hatase et al. 2002 , Caut et al. 2008b , Watanabe et al. 2011 , Eder et al. 2012 , Cardona et al. 2017 ; see Section 3.2.7 for details on these studies). In turn, SIA studies have used this information to show females foraging in neritic regions had larger clutches and clutch volumes than their oceanic conspecifics (Eder et al. 2012 , Hatase et al. 2013 , whilst no difference was seen in egg size, nutritional components, hatchling size, or nest site selection between neritic and oceanic foragers, suggesting trade-offs between clutch size and egg quality do not occur (Hatase et al. 2014 , Hatase & Omuta 2018 . In addition, studies investigating the isotopes of nesting females from populations only foraging in neritic regions found differences in clutch size were still evident among foraging grounds (Zbinden et al. 2011 , Cardona et al. 2014 , Ceriani et al. 2015 showing both foraging strategy and foraging location can cause carry-over effects.
Foraging ground did not affect loggerhead turtle hatchling production, as measured by the number of hatchlings that emerged from an individual nest, in populations exhibiting foraging dichotomy (Hatase et al. 2013 (Hatase et al. , 2015 (Hatase et al. , 2018 or between neritic foraging grounds in the Northwest Atlantic (NWA; Vander Zanden et al. 2014 , Ceriani et al. 2015 . However, a latter study of the NWA loggerhead turtles found there was a difference in hatchling production between foraging grounds. This inconsistency was not discussed in Ceriani et al. (2015) ; however, Ceriani et al. (2017) isotopically assigned females to more foraging regions than previous studies and used a continuous-surface approach that, they stated, was an improvement on previous assignment models allowing for the inclusion of all sampled individuals. This highlights the importance of identifying all foraging grounds utilised by a population and how analytical developments can improve the interpretation of isotope ratios.
Remigration interval (the number of years between breeding events) is dependent on the quality and quantity of resources at the foraging ground, as individuals require energy reserves for migration, vitellogenesis, and nesting (e.g. Saba et al. 2007 ). Foraging ground has been seen to affect the remigration interval of loggerhead turtles (Vander Zanden et al. 2014 , Ceriani et al. 2015 ; in particular, those isotopically assigned to neritic foraging regions had shorter remigration intervals than those foraging in oceanic regions, which could lead to higher reproductive output (Hatase et al. 2013 ). This was also observed for leatherback turtles (Caut et al. Female loggerhead turtles assigned to neritic foraging grounds, in comparison to their oceanic conspecifics, had higher clutch frequency (number of clutches in a season), breeding frequency (number of nesting seasons) and in turn cumulative reproductive output with more emergent hatchlings (Hatase et al. 2013) . Clutch frequency varied more for neritic foragers than oceanic foragers and was attributed to shifts in prey availability (Hatase et al. 2013 ). Individuals from neritic-only foraging grounds were interpreted as having slight differences in arrival date (Vander Zanden et al. 2014) , which can affect the temperature of incubation and in turn the sex ratio (Wibbels 2003) . No differences were seen for individuals isotopically assigned to foraging grounds in the number of clutches laid (Vander Zanden et al. 2014 
Applications of SIA for management and conservation
In addition to the conservation insights afforded by enhancing the understanding of ecology, stable isotope studies have been used to identify and better contextualise threats faced by marine turtles. One of the earliest applications of SIA was for wildlife forensics to determine the origin of 'tortoise-shell' for the management of the illegal trade of turtle products (Moncada et al. 1997) . SIA has been used successfully to aid the policing of African elephant Loxodonta africana ivory (Vogel et al. 1990 ) and could be used for reptile populations, e.g. 
15
N values (see Section 3.2.2); therefore, analysis of additional elements or alternative forensic markers is required for wildlife forensics to successfully identify the origin of marine turtle products.
As a result of foraging site fidelity, SIA of inert tissue has the potential to provide pre-and post-disaster information that is often unavailable and has shown individuals appear to remain in foraging grounds even after devastating anthropogenic activities. For example, after the Deepwater Horizon disaster in 2010, turtles in the Gulf of Mexico continued to forage in oil-and chemical dispersant-affected areas (Vander Zanden et al. 2016 , Reich et al. 2017 ), resulting in the potential incorporation of pollutants and a slowing of the growth of the population (Reich et al. 2017) .
The incorporation of contaminants offers a possible practical application in the use of toxicological proxies as additional forensic markers to help further separate foraging regions in marine mammal (e.g. Born et al. 2003 , Krahn et al. 2008 ) and shark studies ) and could be utilised further in future marine turtle isotope re search. SIA has been used in marine turtle ecotoxicology studies to show the presence of pollutants in marine turtles, including the increase of persistent organic pollutants in green turtles fed fish and cephalopods by divers (Monzón-Argüello et al. 2018) . SIA has also been used to show the effect of provisioning for ecotourism in elasmobranchs (e.g. Maljkovi & Côté 2011 ) and the impact of consuming fishery discards on fish (e.g. ) and seabirds (e.g. Forero & Hobson 2003 , Bugoni et al. 2010 . SIA has helped reveal highly elevated mercury levels in green turtles foraging close to industrial activities despite foraging on the same prey as individuals foraging in non-industrial areas (Bezerra et al. 2015) . Bioaccumulation of arsenic and arsenic compounds was observed in green and hawksbill turtles with the latter more carnivorous species, as demonstrated by SIA, exhibiting heavier loading (Agusa et al. 2011) . The presence of Fukushima-derived radiocesium in olive ridley turtles (Madigan et al. 2017) , and low maternal transfer of lead (attributed to non-anthropogenic sources) in nesting olive ridley females has been assessed using SIA (Páez-Osuna et al. 2010 ). Biomagnification of pollutants up through trophic levels has also been assessed using SIA in marine mammals and seabirds (e.g. Isotope studies have enabled interactions with fisheries to be identified, including the consumption of fishery discards by green (Turner Tomaszewicz et al. 2018 ) and olive ridley turtles (Petitet & Bugoni 2017) , potential ingestion by loggerhead turtles of fish and squid from baited long-line hooks, which poses a potential bycatch threat (Revelles et al. 2007a , Blasi et al. 2018 , and juvenile loggerhead turtles foraging food commonly bycaught or purposefully caught, which could increase competitive interactions (Wallace et al. 2009 ). Previous SIA work has found the size and genetic stock of turtles bycaught is based on fishing region, not fishing gear, which can help target conservation (Clusa et al. 2016) . Isotope ratios revealed olive ridley turtles foraged in neritic and oceanic grounds, showing they can encounter both longline and trawl fisheries, which is of concern (Petitet & Bugoni 2017) ; and that loggerhead turtles caught in California drift gillnets are likely those that normally forage in the central North Pacific, which are incidentally caught in the Hawaii-based longline fishery (Allen et al. 2013) .
Stable isotope studies have also shown predation of marine turtle hatchlings by black rats Rattus rattus during the offseason for seabird nesting (Caut et al. 2008a ) and the importance of turtle eggs as a nutrient input to the beach ecosystem, aiding in dune and beach stabilisation (Hannan et al. 2007 , Le Gouvello et al. 2017 .
Limitations of SIA
With technological and statistical advancements, the strength of SIA is ever-increasing. However, there are still many limitations to this tool, which should be considered in future studies and understood when reading the current SIA literature. For detailed reviews on the limitations of SIA in ecology see Martínez del Rio et al. (2009) and Wolf et al. (2009) . Here we summarize the major limitations and caveats of using SIA in marine turtle ecology.
Temporal variations in the stable isotope ratios at the base of the food chain can occur, for example seasonal fluctuations of zooplankton isotope ratios (Hannides et al. 2009 ). This is likely due to temporal changes in the physicochemical and biological composition of the primary producers (Ramos & González-Solís 2012) . This variability will be transferred up the food chain, putting into question the seasonal stability of stable isotopes and isoscapes which are relied on to trace predator movements (Graham et al. 2010 , Ramos & González-Solís 2012 . For example, seasonal differences observed by Tucker et al. (2014) for loggerhead turtles in the Gulf of Mexico were due to baseline changes in isotope ratios, which were exhibited up the food chain, rather than seasonal habitat shifts of the turtles. This can limit the use of SIA in assignment studies and highlights the importance of using complementary satellite tracking to confirm the foraging site fidelity of a population. Newsome et al. (2010) describe in detail why isotope ratios may shift during fasting and periods of nutritional stress in marine mammals and may explain why isotope ratios of marine turtles could shift across a nesting season due to fasting, migratory foraging, inter-nesting foraging, or a consequence of egg formation (e.g. Hatase et al. 2006 , Caut et al. 2008b , Zbinden et al. 2011 , Petitet & Bugoni 2017 . We therefore recommend samples be taken from breeding individuals as early in the season as possible to best represent the foraging ground.
The time frame represented by each tissue type is dependent on the metabolic turnover rate of that tissue (Reich et al. 2008 ). Isotopic turnover rates can vary with body size, growth rate, diet quality, and protein turnover (for details, see review by Wolf et al. 2009 ). Known turnover rates of tissues are important but lacking in large marine taxa, such as marine turtles, seabirds (Forero & Hobson 2003) , marine mammals (Newsome et al. 2010) , and elasmobranchs due to the limited ability to perform diet-switching experiments. Therefore the time frame that tissue-types represent is not well known despite being re quired to accurately interpret SIA results and should be carefully considered when designing future ecological studies (Ramos & González-Solís 2012) .
Inherent variation of stable isotopes (isotope differences between consumers due to differences in their physiology, not diet) are often overlooked in marine turtle SIA studies, and instead the variation in isotope ratios between individuals is related to differences in diet or habitat. To estimate dietary or habitat effects on the stable isotope composition of a population with greater confidence, the amount of inherent variation within the population needs to be estimated; but this information is sparse in ecology studies (Barnes et al. 2008) , and the marine turtle literature is no exception. Vander Zanden et al. (2012) found that a small portion of the isotopic variation measured in a wild green turtle population was due to inherent variation, whilst the majority of variation resulted from diet and/or habitat differences. Similar values of inherent variation were reported for juvenile green turtles by Seminoff et al. (2006a) , whilst Seminoff et al. (2009) Trophic discrimination factors (TDFs) are the difference between predator and prey isotope ratios (re presented as Δ = δ tissue − δ diet ) and are used in SIA literature to infer relative trophic positions and for dietary reconstructions. However, a clear understanding of TDFs is critical to prevent the incorrect interpretation of isotope ratios and incorrect outputs for mixing models (Post 2002 , Caut et al. 2009 ).
Many studies use generalised diet-tissue discrimination factors such as 3-4 ‰ for nitrogen and 0−1 ‰ for carbon (Post 2002) , as species-specific TDFs are limited (Caut et al. 2009 ). This is because they re quire studies of captive individuals fed on a consistent diet for sufficient time, which is difficult especially for large marine vertebrates such as marine turtles (Turner Tomaszewicz et al. 2017b) . There are only a few TDFs available for marine mammals (Newsome et al. 2010) , and elasmobranchs ). See Newsome et al. (2010) for review of TDFs in marine mammals. TDFs are limited for marine turtles but have been estimated for several tissues types, life stages, and species, including juvenile and adult green turtles (Seminoff et al. 2006a , Vander Zanden et al. 2012 , Turner Tomaszewicz et al. 2017b ), hatchling and juvenile loggerhead turtles (Reich et al. 2008 ) and juvenile leatherback turtles (Seminoff et al. 2009 ); however, these are often based on small sample sizes. Differences were observed be tween the TDFs calculated for juvenile green turtles by Seminoff et al. (2006a) (2017b) . This difference was attributed to differences in diet, growth rates, and lipid extraction and highlights the sensitivity of TDFs. The majority of these study animals were fed pelleted diets, whilst future experimental studies should ideally use the same food sources the consumers would encounter in the wild (Healy et al. 2018 , Caut et al. 2009 ). These species-specific TDFs have been used by other marine turtle studies even when sampling different populations, life stages, or tissue (e.g. Burgett et al. 2018 , Gillis et al. 2018 , Monzón-Argüello et al. 2018 .
When discrimination factors cannot be measured experimentally, Caut et al. (2009) propose a way of estimating the TDF of a consumer (the Diet-Dependent Discrimination Factor method); however, this only provides a mean TDF that can then be included in isotope mixing models (see Section 3.6 for details on isotope mixing models). A new analytical approach to estimate TDFs has been developed, the R package SIDER (Healy et al. 2018) , which calculates the TDF of a consumer based on their ecology and phylogenetic relatedness. The estimated TDF and the associated uncertainty can then be included in mixing models. However, this R package is not yet applicable to reptiles.
There are also new Bayesian techniques to estimate the trophic position of a consumer, for example, the R package tRophicPosition (Quezada-Romegialli et al. 2018) . This approach estimates the trophic position of a consumer at a population level using the consumer and baseline stable isotope ratios, whilst taking into account inherent variation within the population and sampling errors for TDFs and baseline and consumer isotope ratios (Quezada-Romegialli et al. 2018) . One limitation of this method is that TDFs are incorporated into the model as raw data and Quezada- Romegialli et al. (2018) suggest the selection of a representative TDF is critical. Additionally, there are empirical ways to estimate trophic position, for example using compound-specific SIA (CSIA) of amino acids, which are discussed in Section 3.6. Many studies suggest TDFs are an important area for future methodological work, however, we recommend treating the concept of TDFs with caution, as the processes that influence TDFs are not fully understood and they are likely highly dynamic, with incorporation rates of intrinsic markers into tissues differing not only with species but with sex, life stage, isotope analysed, isotopic routing, growth rates, tissue sampled, health, diet isotopic composition, and diet quality (e.g. Seminoff et al. 2006a , Reich et al. 2008 , Vander Zanden et al. 2012 , Turner Tomaszewicz et al. 2017b .
Martínez del Rio et al. (2009) and Wolf et al. (2009) highlight that there are far more observational field studies applying SIA than there are experimental studies aiming to understand the mechanisms behind stable isotopes and SIA, and suggest field data be accompanied by laboratory experiments. We support this recommendation and suggest the important limitations overviewed here should be considered during the design of future marine turtle studies and should be understood when reading SIA literature. Despite these limitations, SIA is undoubtedly an invaluable tool for marine turtle ecology.
Additional analytical approaches
Throughout the SIA literature, complementary techniques are often used to offer further insights about marine turtle ecology, including satellite telemetry, gen etics, and stomach content analysis (as discussed in Section 1.1). Other tools used in SIA research include skeletochronology, CSIA, and mixing models. As these will likely become more common in the SIA literature we offer a brief overview of these techniques.
Many marine turtle SIA studies sample mineralised tissues such as scutes and humeri, as the isotope ratios of these chemically inert accretionary tissues do not change after formation (Snover et al. 2010) . Skeletochronology specifically relates to analysing skeletal growth increments, which in marine turtle research is usually sampled from humeri. SIA of inert tissues enables a time-series of the prior diet and habitat to be reconstructed from different layers of the accretionary tissue, showing either seasonal or inter-annual changes. This technique is often used to infer life history patterns, for example the occurrence of ontogenetic shifts (e.g. Ramirez et al. 2017 , Turner Tomaszewicz et al. 2017a ), or to track movements (e.g. López-Castro et al. 2013 , Vander Zanden et al. 2015 . Marine mammal isotope studies have analysed accretionary tissues such as teeth to show dietary shifts, differences in maternal strategies, as well as ontogenetic shifts (Newsome et al. 2009 (Newsome et al. , 2010 . One limitation of this technique is understanding the species-specific growth rates and turnover rates and therefore the time frame each tissue layer represents, and this is recommended for future experimental work (Pajuelo et al. 2016) . The periodicity of bone growth layers have, however, been validated for several marine turtle species (Snover et al. 2007 (Snover et al. , 2010 . Another limitation of sampling scute is that unlike bone, scute tissue only represents a short time-series of 0.8 to 2 years (Vander Zanden et al. 2013b ). Turner Tomaszewicz et al. (2017a) highlight the likely time delay between prey consumption and the assimilation into inert accretionary tissues, which may prevent a detailed estimation of the ontogenetic shift, especially in the most recent tissue layers. In addition, samples from humeri can only be obtained from dead turtles during necropsies, whilst scute samples can be obtained non-invasively depending on the depth of sample required.
CSIA can provide additional and in many cases more detailed information to bulk tissue SIA, helping to minimize assumptions related to the interpretation of bulk tissue isotope ratios (see review by Evershed et al. 2007 ). Stable isotopes of specific organic molecules, e.g. fatty acids and amino acids, have only been analysed in a few marine turtle studies (e.g. Belicka et al. 2012 , Cardona et al. 2015 but are likely to be used more frequently in the future.
Fatty acid fingerprinting and amino acid analysis can be important techniques in diet studies aiming to trace the source of organic matter in food webs and the relative abundance of prey items within a diet (Belicka et al. 2012) . In some cases, SIA alone cannot differentiate between primary sources of organic matter (seagrass, epiphytes, macroalgae) and therefore might over-or under-emphasise their importance within diets (Jaschinski et al. 2008 , Crawley et al. 2009 , Larsen et al. 2012 . Taxon-specific fatty acids are produced by phytoplankton, microzooplankton, and bacteria which are deposited into consumer adipose tissue with minimal modification and are therefore reflected within their consumers (Iverson et al. 2004 , Budge et al. 2006 ). This enables fatty acid fingerprinting to estimate the source of organic matter at the base of a consumer's food chain (Ramos & González-Solís 2012) .
Fatty acid fingerprinting in combination with SIA has been used to estimate the contribution of primary producers to green and loggerhead turtle diets in Shark Bay, Australia (Belicka et al. 2012 ). However, that study suggested large sample sizes are required to separate these primary producers further. Belicka et al. (2012) also suggest fatty acid fingerprinting should be used with caution for green turtles, as hindgut bacterial fermentation could cause considerable modifications of fatty acids prior to deposition in lipid reserves (Seaborn et al. 2005 ). Higher trophic prey items can also be distinguished within marine turtle diets, for example the contribution of sardines and anchovies to marine turtle diet (e.g. Cardona et al. 2015) . Fatty acid isotopes are considered more specific to the dietary source compared to bulk stable isotopes; whilst physiology could influence fatty acid isotope ratios of consumers. This was not considered to be the case for green and loggerhead turtles (Cardona et al. 2015) . De Troch et al. (2012) highlight the importance of considering bioconversion of fatty acids when using them as biomarkers, as it is possible they undergo degradation and transformation through the food chain. Fatty acids also only make up a small proportion of the total organic carbon, whilst amino acids account for a large proportion of organic carbon and nitrogen, and therefore amino acid analysis is considered more representative of the diet as a whole (Hedges et al. 2001) .
Essential amino acids (EAAs) produced at the base of the food chain have distinct isotope ratios (i.e. δ 13 C EAA ) and, due to little to no isotopic fractionation up the foodchain, can be used as intrinsic markers throughout the food chain to high trophic consumers (O'Brien et al. 2002 , Larsen et al. 2009 . In addition, bulk δ 13 C values at the base of the food chain can be influenced by variable environmental conditions (affecting growth rates and cell surface area) whilst δ 13 C EAA does not appear to be affected by environmental conditions (Larsen et al. 2013) . However, as with fatty acids, hindgut fermentation performed by hindgut microflora in consumers, e.g. green turtles, might influence δ 13 C EAA . EAAs have been used to explore the influence of marine turtle gut microflora on δ 13 C EAA . By analysing δ 13 C EAA in herbivorous green turtle tissue, Arthur et al. (2014) found that individuals receive a large contribution of EAAs from a bacterial source, whilst EAAs of carnivorous green, loggerhead, and olive ridley turtles were from microalgae sources in oceanic food webs. EAAs could therefore be used to differentiate between herbivores and carnivores; however, it does not differentiate whether the bacterial source of δ 13 C EAA is from gut microflora or epiphytes in the food. Further analysis (linear discriminant analysis) was required to show the δ 13 C EAA indeed stemmed from gut microflora (Arthur et al. 2014) .
A limitation of SIA is the inability to decipher whether differences in bulk δ 15 N values are due to baseline isotope shifts or the influence of the trophic position of the consumer. CSIA of amino acids can determine if differences in bulk δ 15 N values are due to differences in trophic amino acids (e.g. glutamic acid and alanine), which reflect trophic level, or source amino acids (e.g. phenylalanine and lysine), which reflect isotope composition of the primary producers at the base of the food chain (McClelland & Montoya 2002 ). This enables trophic position to be estimated without sampling prey items and has been used to show that differences in bulk δ 15 N values were due to baseline shifts, instead of differences in trophic position, for leatherback , Hetherington et al. 2018 , green (Vander Zanden et al. 2013a) , and olive ridley turtles (Peavey et al. 2017) , which could have been misinterpreted using bulk SIA alone.
Amino acid analysis has been recommended for use in future marine mammal research to help disentangle spatial and trophic differences in isotope ratios; however, Newsome et al. (2010) state that controlled feeding studies are required to confirm the distinction between source and trophic amino acids. Peavey et al. (2017) recommend that amino acid-specific incorporation rates and trophic discrimination factors need to be better understood for different marine turtle species and tissue types. Larsen et al. (2012) highlight two limitations of amino acid analysis. Firstly, primary producers could contribute to the diet of a consumer and not be reflected in the amino acids, as amino acids are not equivalent to the entire diet, and secondly, isotopic differences in amino acids be tween the diet and a consumer has been seen in some consumers, especially those with protein-poor diets.
CSIA of fatty acids and amino acids is complicated by the complex food chains used by marine turtles, especially carnivorous species, the diet of which will likely be based on a range of primary producers (Arthur et al. 2014) . Arthur et al. (2014) discuss the potential power of analysing the isotopes of specific compounds compared to bulk tissue analysis, but highlight the need for controlled studies to validate their interpretation, which is also recommended by Larsen et al. (2012) . As with any analytical tool, CSIA has considerable cost in terms of analysis time and expense, which can limit sample size (e.g. Vander Zanden et al. 2013a ) and has to be considered in study design.
In marine turtle research, isotope mixing models are used to estimate the proportional contribution of dietary items to the diet of a consumer (e.g. McClellan et al. 2010 , Burgett et al. 2018 , Gillis et al. 2018 , Monzón-Argüello et al. 2018 . Within the field of isotope ecology, common analytical tools used are isotope mixing models, such as linear mixing models like IsoSource (Phillips & Gregg 2003) , or Bayesian mixing models like SIAR (Stable Isotope Analysis in R; Parnell et al. 2010) , MixSIR (Moore & Semmens 2008) , and MixSIAR (Stock & Semmens 2016) . IsoSource calculates a range of possible dietary contributions that could result in the consumer isotope ratio and is a very common tool used in SIA due to its ease of use, public availability, and the limited input data required; however, model outputs are often misinterpreted (Layman et al. 2012) . Bayesian mixing models suggest the most likely proportional contribution of sources to consumers as these use additional a priori knowledge (e.g. proportional contributions of sources and potential variability in all input parameters; Layman et al. 2012) . Al though more advanced than IsoSource, Bayesian mixing models have high data requirements and are still sensitive to the quality of input values (for further details on isotope mixing models and their limitations, see review by Layman et al. 2012 ).
There are numerous conceptual and methodological issues surrounding the use of SIA in diet reconstruction, especially using mixing models ). To build a mixing model, TDFs and incorporation rates are required for the specific tissue, life stage, and species being analysed. As discussed in Section 3.5, these are limited for marine turtles. For best results, all prey items must be included and sampled on the same time frame as the consumer tissue is synthesised (Layman et al. 2012) . Sampson et al. (2017) were unable to successfully run a MixSIAR for green turtles due to the exclusion of important prey items that were not considered potential prey from previous oesophageal lavage sampling, and Williams et al. (2014) felt they were unable to sample all prey items, preventing them running mixing models. Dodge et al. (2011) also recommend locally sampled prey items to be used in preference to published isotope ratios, as inconsistencies in the isotope ratios of prey occur. Burgett et al. (2018) highlight the importance of including prey isotope ratios that are area-specific to prevent dramatically under-or overestimating prey proportions or trophic position. Large variation in baseline isotope ratios can make the results harder to interpret as seen for green turtles by Vélez-Rubio et al. (2016), and Layman et al. (2012) suggest that, as temporal and spatial variability of source isotope ratios increase, the sampling effort must increase to represent this detail. Lack of distinct differences in isotope ratios between prey items especially within similar food groups (e.g. Shimada et al. 2014 ) limits the ability of mixing models to estimate the diet of a consumer (Layman et al. 2012) . Bias in the detection of animal matter versus plant material might occur, as animal matter is proteinbased and is incorporated directly into the tissue of the turtle (Cardona et al. 2009 ). Determining the proportion of prey in the diet of a population can also change depending on the mixing models used (Goodman Hall et al. 2015) .
Key recommendations
This review reveals that several common recommendations have been made throughout the SIA literature, including standardised protocols for tissue collection and preservation, the use of an additional forensic marker or complementary techniques to provide greater power of inference, and compiling the isotope ratios of marine turtles at a global scale to facilitate meta-analytical approaches (Table 2) . This review and inventory also leads us to emphasise the variation in methodological approaches used (for details on the methodology used by each study, see the data archive at https://doi.org/10.1594/ PANGAEA. 892683). For global comparisons to be made, standardised protocols are needed; however, there are scientific reasons for choosing particular tissues and techniques for specific studies, and we understand these should be the primary methodological drivers.
Isotope ratios of marine turtle tissue change with decomposition (Payo-Payo et al. 2013) , therefore tissues must be preserved. However, the preservation of samples, including blood anticoagulants, has been shown to significantly affect isotope ratios (Barrow et al. 2008 , Lemons et al. 2012 , Kaufman et al. 2014 , Carpena-Catoira et al. 2016 . We re commend a standardised preservation technique should be implemented for each tissue type in future research, although we understand logistical reasons could restrict what techniques are used. This was also recommended by Newsome et al. (2010) for SIA in marine mammals.
Carpena-Catoira et al. (2016) recommend the storage of epidermis in dimethyl sulfoxide (DMSO) buffer when storage in liquid nitrogen is not possible; however, these authors only compare these two preservation methods. Barrow et al. (2008) found DMSO affects epidermis isotope ratios whilst ethanol does not. Storage of epidermis in ethanol was also the most common technique (44% of studies sampling epidermis) and therefore we recommend this preser- Conduct multi-year studies so shifts in population dynamics can be documented and pre-and post-disaster information to be obtained We support this recommendation, and freezing of egg contents was the most common technique (89% of studies sampling egg contents). Based on the most common techniques used we also recommend epibionts and tendons be stored in ethanol, inert tissues such as scute and humeri that do not decay to be air-dried, and freezing of muscle, blood, and liver. In addition, Lemons et al. (2012) recommend sodium heparin as the best blood anticoagulant when immediate centrifugation is not possible. Despite using the same tissue type, there was variation in whether lipid extraction was performed or correction factors applied. In some cases, lipid ex traction was found to influence isotopes and these differences were biologically relevant and therefore caution must be exercised (Kaufman et al. 2014 , Carpentier et al. 2015 , Medeiros et al. 2015 , Bergamo et al. 2016 . Many studies use the recommendation that samples with C:N > 3.5 should undergo lipid extraction (Post et al. 2007); however, Bergamo et al. (2016) showed the C:N ratio might not reliably predict the lipid content of marine turtle tissue samples. Newsome et al. (2010) recommend that all studies should report the mean C:N ratio and associated error of tissues undergoing SIA, which we support. We agree with the recommendation by Carpentier et al. (2015) that ideally samples would be analysed twice, pre-and post-extraction, but it is appreciated that this adds to time and cost of analysis, as highlighted by Kaufman et al. (2014) and Bergamo et al. (2016) . For diet studies sampling prey items, we support the recommendation by Newsome et al. (2010) that prey items, especially lipid-rich prey, should be analysed pre-and post-extraction. Numerous chemical treatments were utilised in the extensive shark SIA dataset compiled by Bird et al. (2018) and the importance of tissue preservation, preparation, and lipid extraction methods have been highlighted as key analytical considerations in marine mammal (Newsome et al. 2010 ) and elasmobranch research , supporting the conclusion that the use of standardised protocols is important in all marine SIA applications.
Numerous tissue types are used in the field of marine turtle SIA (see Section 3.1) as well as other marine taxa including marine mammals (Newsome et al. 2010) . As the tissue type used represents different time frames of dietary information (Reich et al. 2008) , we recommend multiple tissue types only to be collected when comparing short and long-term foraging (e.g. Petitet & Bugoni 2017) . The use of multiple tissues with different turnover rates has shown ontogenetic shifts in elasmobranchs . Newsome et al. (2010) recommend that for marine mammal SIA, tissues selected for analysis should have long integration times and relatively slow turnover rates (e.g. epidermis) to prevent short-term diet affecting the overall isotope ratios. We also recommend that for long-term information, flipper epidermal tissue, which has a turnover of months (Reich et al. 2008) , is best and would allow comparisons be tween hatchlings, juveniles, and adults. Hatchling and egg tissue is derived from the mother and represents her isotope ratios (Frankel et al. 2012 , Kaufman et al. 2014 , Carpentier et al. 2015 . Unhatched egg content isotope ratios are equivalent to freshly laid egg yolk (Zbinden et al. 2011 , Ceriani et al. 2014b . Sampling fresh egg yolk is a lethal sampling method and should be avoided if possible. We therefore support the recommendation by Ceriani et al. (2014b) that unhatched egg yolk should be sampled as a proxy for unobserved nesting females. Sampling for SIA can be intrusive and future work should take ethical concerns into consideration and determine whether it is warranted.
Conversion equations have been developed for many tissue-tissue relationships, which enables isotope ratios to be compared (see Table S2 in the Supplement for all available conversion equations). However, many studies that provide conversion equations state that they should be used with caution, as they are often derived from small sample sizes, with low coefficient of determination values, or weak correlations. Without performing controlled laboratory feeding studies, there are numerous factors that can influence isotopic differentiation between tissues (see Section 3.5), and these are unlikely to be consistent in all cases.
Using a standardised tissue type (as recommended above) would prevent the need for conversion equations and would enable direct comparisons between studies. If conversions are required, we recommend studies use values from tissues with the same biochemical mechanism (i.e. collagen is high in 13 C enriched glycine and therefore collagen has higher δ 13 C values in comparison to muscle) and they should only be done with tissue-types representing similar turnover time frames, e.g. scute and epidermis (Petitet & Bugoni 2017) , or unhatched egg content and epidermis (Ceriani et al. 2014b) .
We support the recommendation by Belicka et al. (2012) and Ramos & González-Solís (2012) that future studies should use a third forensic marker to provide greater power of inference of dietary estimations and geographical assignments. Only six marine turtle studies have thus far used a third marker, either δ 34 S (Cardona et al. 2009 , Belicka et al. 2012 , Tucker et al. 2014 , Bradshaw et al. 2017 , trace elements (López-Castro et al. 2013) , or isotopes of trace elements, e.g. lead (López-Castro et al. 2014a ). All of these techniques have limitations, for example climate and other conditions greatly affected the spatial and temporal variability of trace elements (Jickells et al. 2005) . These limitations should be considered when de signing studies and Ramos & González-Solís (2012) recommend caution when simultaneously analysing multiple markers due to the differences in how they are integrated into a consumer's tissues (Bond 2010 (Newsome et al. 2010) , and shark ecological research (Bird et al. 2018) . We support Newsome et al. (2010) who recommend the use of time-depth recorders as well as satellite telemetry in marine mammal research to confirm the use of isotopic data as proxies for diet and habitat use.
For a more complete meta-analysis, the focus of future research should be on under-studied species and conducted globally across all species ranges. To understand a population as a whole, males should also be targeted in future studies, but we understand the difficulties of accessing males. We also recommend that, where possible, life stage and sex should be made clear in all publications. Studies over multiple years, rather than snap-shot studies, are also important to enable long-term shifts in population dynamics to be documented (e.g. Bradshaw et al. 2017 , Ceriani et al. 2017 . To fully understand the complexities of marine turtle ecology, data and findings should be combined at a global scale to facilitate meta-analytical approaches. This would also enable marine turtle species-specific isoscapes to be created. We encourage researchers to add their papers to the global inventory that we have initiated, by sending the appropriate data (under the specific column headings in the data archive at https://doi. org/ 10.1594/ PANGAEA. 892683) to the corresponding author for us to regularly update this open access global inventory. The open access means that this resource, and any future updates, will be available to all researchers, helping increase exposure of new studies, whilst also underpinning and accelerating new advances in the conservation of marine turtles.
CONCLUSIONS
This review confirms and details the wealth of ecological information gained from marine turtle stable isotope research. Clearly, large gaps in knowledge for several species and life stages exist, along with geographical bias in the distribution of studies. We have created a global inventory of published marine turtle stable isotope studies and data which can be continuously and easily revised as new data are collected. Recommendations, based on the extensive literature, are provided to guide future foci of ecology and conservation research of these important marine animals. Marine turtle stable isotope studies have helped reveal the complexity of marine turtle ecology, but we believe the full utility of stable isotopes is yet to be realised. 162: 1955−1968 
